Abstract: Seismic site classifications are used to represent site effects for estimating hazard parameters (response spectral ordinates) at the soil surface. Seismic site classifications have generally been carried out using average shear wave velocity and/or standard penetration test n-values of top 30-m soil layers, according to the recommendations of the National Earthquake Hazards Reduction Program (NEHRP) or the International Building Code (IBC). The site classification system in the NEHRP and the IBC is based on the studies carried out in the United States where soil layers extend up to several hundred meters before reaching any distinct soil-bedrock interface and may not be directly applicable to other regions, especially in regions having shallow geological deposits. This paper investigates the influence of rock depth on site classes based on the recommendations of the NEHRP and the IBC. For this study, soil sites having a wide range of average shear wave velocities (or standard penetration test n-values) have been collected from different parts of Australia, China, and India. Shear wave velocities of rock layers underneath soil layers have also been collected at depths from a few meters to 180 m. It is shown that a site classification system based on the top 30-m soil layers often represents stiffer site classes for soil sites having shallow rock depths (rock depths less than 25 m from the soil surface). A new site classification system based on average soil thickness up to engineering bedrock has been proposed herein, which is considered more representative for soil sites in shallow bedrock regions. It has been observed that response spectral ordinates, amplification factors, and site periods estimated using one-dimensional shear wave analysis considering the depth of engineering bedrock are different from those obtained considering top 30-m soil layers.
Introduction
Soil condition modifies ground motion and in many cases results in greater amplitude of motion together with a change in frequency content and duration of ground motion. Site-specific ground response analysis aims at determining the effect of local soil conditions on site response (e.g., amplification of seismic shear waves, effect on frequency content, and duration of ground motion). Estimation of the earthquake response spectra with due consideration to the local soil site effects is very important for the design of new structures and performance assessment of existing structures (Tsang et al. 2006; Chandler et al. 2002) . The response at the surface of soil deposits is dependent mainly on the frequency content and amplitude of ground motion at bedrock, and the geometry and material properties of the soil layers above the bedrock. Site-specific response parameters (response spectral acceleration, velocity, and displacement) are directly or indirectly quantified and represented by a number of researchers as part of seismic microzonation studies. In such microzonation studies and also in design codes worldwide, site effects are accounted for in the designation of seismic site classes. Although several methods for seismic site classifications have been recommended in design codes, most popular methods are those that consider borelogs with standard penetration test n-values (SPT-N) and shear wave velocities (SWVs) from spectral analysis of surface waves (SASW) and multichannel analysis of surface waves (MASW) (Anbazhagan and Sitharam 2008a) . Most of the seismic site classification methods consider average values of SWV or SPT-N of top 30-m soil layers, because of direct correlation with the method proposed by the National Earthquake Hazards Reduction Program (NEHRP) [Building Seismic Safety Council (BSSC) 2001] and the International Building Code (IBC) [International Code Council (ICC) 2006] . This has also been widely adopted in seismic microzonation studies (Anbazhagan and Sitharam 2008b; . These site classification schemes are then combined with a probabilistic approach to estimate the surface level hazard response parameters (Raghu Kanth and Iyengar 2007) .
Despite their wide use, the seismic site classification schemes considering top 30-m soil layers are under significant research scrutiny (Lee et al. 1995; Rodriguez-Marek et al. 2001; Kokusho and Sato 2008; Anbazhagan et al. 2011b ). The applicability of such methods especially in shallow bedrock regions needs further investigation. Shallow bedrocks are more common in the most seismically vulnerable regions, where a distinct soil-bedrock interface can be observed within several meter depth of soil layers. However, in the high seismicity regions of the western United States where the first site classification schemes originated, distinct soilbedrock interface may not be evident even under several hundredmeter depth of soil layers. Considering the important differences between shallow bedrock regions and regions without a distinct soil-bedrock interface (in high seismic zones), when proposing site amplification parameters for regions with shallow bedrock depth, Tsang et al. (2006) recommends against adopting average SWVs for top 30-m soil layers (V s,30 ).
In this study, for the assessment of site response, a suite of SPT-N and SWV data are collected from Australia, China, and India. First, these soil sites are analyzed based on top 30-m soil depths, according to the seismic site classification system recommended in the IBC (ICC 2006) and NEHRP (BSSC 2001) . Second, a site classification scheme has been carried out considering soil layers up to the depth of weathered rock layer. Site classification of the soil sites has further been carried out by considering the depth of engineering rock. Shear wave velocity (SWV) of 700 6 60 m/s is considered as the signature of engineering rock (Anbazhagan and Sitharam 2009b) . It has been observed that site classes of the soil sites considering top 30-m soil layers without considering depth of engineering-rock layers may lead to stiffer site classes for sites having engineering-rock depth less than 25 m and softer site classes for sites having engineering-rock depth greater than 35 m. A new classification scheme has been proposed herein considering thickness and average stiffness of the soil layers up to engineering rock, rather than average SWVs (or SPT-N values) of top 30-m soil layers. One-dimensional site response analyses using recorded and simulated earthquake ground motions have also showed important differences in response spectral ordinates even when similar average shear wave velocities of soil sites are assumed.
Local Soil Conditions and Seismic Site Effects
The damaging effects of local soil conditions have been evident in recent earthquakes around the world. Even earthquakes of moderate magnitude can cause severe damage to infrastructure, incurring significant economic loss and even loss of lives, if ground motion is amplified several times by local soil deposits. The 1989 Newcastle earthquake in Australia can be considered as one of many examples where significant damage and deaths were observed from site amplification where the magnitude of the earthquake was only 5.6 [Institution of Engineers Australia (IEA) 1990] The correlation between local soil condition and site amplification or building damage can be found even in studies carried out several decades ago.
In Fig. 1(a) , the correlation between ratios of shear wave velocity of soil to rock and amplification magnitudes are shown (following Shima 1978) . In Fig. 1(b) , the damage intensity versus depth of soil sites for different story buildings is shown (following Seed et al. 1972) .
It is evident from recent damaging earthquakes that geotechnical properties of local soils play a major role in site amplification and hence damage to infrastructure. Many seismic microzonation studies are started with subsurface geotechnical data profile modeling and seismic site characterization (Sitharam and Anbazhagan 2008) . Literature review on this revealed that seismic site classifications for seismic microzonation studies are often carried out based on the IBC (ICC 2006) and NEHRP (BSSC 2001) recommendations in shallow bedrock regions, including Australia, China, and India. In these regions, many cities encountered rock depth at a few meters to several meters from the surface of the soil sites. Hence adopting a 30-m based site classification may result in erroneous site classification and erroneous seismic design response spectral parameters (Tsang et al. 2006) . To highlight these aspects, in this study, site-specific geotechnical data (in the form of SPT-N or SWV) for soil sites with depths up to engineering rock have been used based on the experimental results and the published data from the literature. These data contain drilled boreholes with SPT-N and SWV profiles. The SWV of 330 6 30 and 760 6 60 m/s (SPT-N value of 50 for rebound and 100 for no penetration) are considered weathered rock and engineering rock, respectively, based on the recommendations of Anbazhagan and Sitharam (2009a) .
Seismic Site Classification
Local site conditions play a dominant role in damage distribution as well as in the recorded strong ground motion amplitudes (Roca et al. 2006) . Geotechnical characteristics of soil deposits play an important role in the modification of seismic ground motion generally termed the local site effects. Site condition of individual soil sites based on SWV is a more direct indicator of local site effects. Site response studies require information of shear stiffness (correlated with SWV) of the soil column (Borcherdt 1994) . The site classes in most design codes are defined in terms of SWV up to a depth of 30 m (V s,30 ). If measurement of SWV up to 30 m is not feasible, SPT-N or undrained shear strength (S u ) can be used (Borcherdt 1994) . SWV can be directly measured in field tests or can be estimated from existing correlations between values of SPT-N and SWVs (Hasancebi and Ulusay 2006) . A number of correlations are available between SPT-N and SWV; hence, a suitable correlation can be used based on the regional soil types (Anbazhagan et al. 2012) . Kokusho (2008) highlighted that the current practice of averaging the SWV of top 30-m soil layers does not correlate well with amplification factors. He used acceleration recorded in KiK-net downhole arrays and considered a base layer where a downhole seismometer was installed. Base layer velocities (V s,b ) ranging from 400 to 3000 m/s at depths from 100 to 300 m were considered in the study. The author concluded that the ratio of the base layer velocity to the average shear wave velocity of soil layers over the base layer (V s,b =V s ) is well correlated with the amplification factor compared with the ratio of base layer velocity to the average of the top 30-m soil SWVs (V s,b =V s,30 ). It is noted that soil-bedrock interface can be encountered even within several-meter soil depths in shallow bedrock regions (Tsang et al. 2006) .
Seismic ground response characteristics, defined generally as site effects, are incorporated in modern seismic design code provisions in many countries. However, the definitions of site classes in different codes are not consistent. Table 1 for direct comparison. Soil sites are mainly described based on average SWVs, SPT-N values, and undrained shear strengths (S u ). In this study, site classifications using SPT-N and SWV are considered, as S u is not considered in all the design codes considered herein.
The equivalent shear stiffness values of soil sites based on SPT-N or SWV over 30-m depth (N 30 or V s,30 ) can be calculated by
where P n i51 d i 5 total depth for 30-m average P n i51 d i 5 30 m; d i and V si =N i denote thickness (in meters) and corresponding shear wave velocity/standard penetration resistance (not to exceed 100 blows/0.3 m as directly measured in the field without corrections) of the ith layer, respectively; and n 5 total number of layers in the top 30 m. Table 1 .
Site Classification Based on SPT Data
Boreholes with SPT-N values are one of the oldest and most common tests used in situ for soil exploration in soil mechanics and foundation engineering. This test has been used worldwide in geotechnical projects, because of simplicity of the equipment and the ease of test procedure. In particular, SPT-N values are widely used for seismic site characterization, site response, and liquefaction studies for detecting seismic microzonation because of the availability of large data sets. However, these SPT-N values may vary even for identical soil conditions because of their high sensitivity to operator techniques, types of equipment, equipment malfunctions, and poor testing practices (Anbazhagan et al. 2012) . Hence, SPT-N values are generally recommended only for projects at the preliminary stage or that are under financial constraint ). In the current study, SPT-N values of the selected soil profiles have been collected from Australia, China, and India (IEA 1990; Pappin et al. 2008; Anbazhagan and Sitharam 2009b; Anbazhagan et al. 2011a ). In total, 19 boreholes with SPT-N values have been selected for this study. A summary of these data are given in Table 2 . 
Site Classification Based on SWV
The subsurface SWV measurement has been used in many seismic site classification, site response, and microzonation studies. A number of seismic methods have been proposed for near-surface characterization and measurement of SWVs using a number of testing configurations, processing techniques, and inversion algorithms. The most widely used techniques are the spectral analysis of surface waves (SASW) and the multichannel analysis of surface waves (MASW). In SASW, the spectral analysis is performed for a surface wave generated by an impulsive source and recorded by a pair of receivers. MASW is increasingly being applied in earthquake geotechnical engineering for seismic microzonation and site response studies (Anbazhagan and Sitharam 2008a,b; Sitharam and Anbazhagan 2008; Anbazhagan et al. 2009 . SWVs of soil layers of the Indian sites have been measured by P. Anbazhagan (this paper) using an MASW survey. More details about the survey, geophone spacing, short distance, and dispersion and inversion processes are described in Anbazhagan and Sitharam (2008a, b; 2009a, b) . A few shear wave velocity profiles have also been collected from Boominathan (2004) , Boominathan et al. (2008) , and Uma . SWV profiles of Australia sites have been compiled from Collins et al. (2006) . Similarly, SWV profiles of China sites have been collected from Song et al. (2007) and Hwang et al. (2004) . Selected soil sites with shear wave velocity profiles have been summarized in Table 3 . Average SWVs up to depths of 30 m and 20 m have been calculated using Eq. (1) and are presented in Fig. 3 . For sites having SWVs of less than 30-m depth, extrapolations have been carried out according to Boore (2004) . In Table 5 ). Fig. 4(b) . In Fig. 4(b) , it is shown that if weathered rock depth is within 15 m, V s,WR is much less than 
Site Classification Considering Engineering-Rock Layer
Although weathered rock is stiffer than overlaying soil layers, in many cases it is not straightforward to differentiate between dense soil and weathered rock layers based only on SPT-N and SWVs, unless a detailed borelog study is available. Hence, site classifications considering soil layers up to weathered rock may be subjected to significant criticism. In this study, site classifications considering average SPT-N values and SWVs up to engineering bedrock have been attempted. Substructures of most of the important engineering structures are extended up to the rock where there are SPT-N values of 100 for no penetrations or SWVs of 760 m/s (Anbazhagan and Sitharam 2009b) . This rock layer can be called engineering bedrock (Anbazhagan and Sitharam 2009b) . The engineering bedrock layer has been identified from borelogs of SPT-N data, considering a layer corresponding to SWV of 760 3 60 m=s. Average SPT-N and SWV values have been calculated up to an engineering bedrock layer. In Fig. 5(a) , the average SPT-N values up to engineering bedrock (N ER ) versus depth of engineering bedrock along with N WR , N 30 , and N 20 are shown. The N 30 and N 20 calculate higher average SPT-N values for sites having engineering-rock layers at shallow depths compared with N ER and N WR . The N WR is slightly lower than N ER for an engineering bedrock depth up to 20 m, and beyond this range they are quite similar. In Fig. 5(b) , V s,ER versus depth of engineering bedrock for selected soil profiles along with V s,WR , V s,30 , and V s,20 is shown. Average SWV up to engineering bedrock (V s,ER ) is less than V s,30 if engineering-rock depth is less than 25 m, and more than V s,30 if engineering-rock depth is more than 35 m. It is noted that V s,ER values are equal to V s,30 and V s,20 when the engineering-rock depth is 30 m and 20 m, respectively. Average shear wave velocity up to engineering bedrock can be considered more representative for site effect calculations, especially for soil sites in regions of low to moderate seismicity. This study shows that rock depth plays an important role in the site classifications. Site classification-based average values up to 30 m give a stiffer site class if engineering bedrock is less than 25 m. This has been further verified using site-specific response analysis that considers a typical SWV profile with simulated and recorded ground motion data, and is reported in the following section.
Site Response Parameters for Soil Sites with Shallow Depth of Engineering Bedrock
As discussed earlier, site amplification factors derived from regression analyses of recorded strong motion data from deep soil sites cannot be applied to shallow bedrock regions. The IBC (2006) and NEHRP (BSSC 2001) site classifications are developed from regression analyses of sites having no distinct soil-bedrock interface even at a depth significantly greater than 100 m. Both the IBC (ICC 2006) and NEHRP (BSSC 2001) recommend site-specific studies for situations where generalized site classifications do not fit. For regions lacking a large amount of recorded strong motion data, it is usual to carry out site response studies using the well-known computer program SHAKE (Schnabel et al. 1972) . SHAKE is a one-dimensional site response analysis software that adopts an equivalent linear approach to calculating the nonlinear behavior of the soil sites subjected to earthquake ground motion. SHAKE is a robust seismic site response analysis program which provides reasonable approximation to the site response simulations with a minimal input. Borcherdt (1994) and Crouse and McGuire (1996) applied SHAKE in supplementing their analyses, which can further ascertain the program's validity in performing site response analyses. In this study, the shear modulus degradation and damping curves given by Seed and Idriss (1970) and Schnabel (1973) for sand average and rock have been used for soil and rock layers, respectively.
Earthquake Ground Motion Records for Site Response Study
A large number of damaging earthquakes with varying magnitudes have occurred in low to moderate seismicity regions including India and China. However, only a limited number of recorded acceleration time histories, especially for India and China, are available for carrying out site response analyses. For regions having limited or no seismic record, synthetic ground motion or ground motions from similar tectonic regions may be considered a viable alternative (Sitharam and Anbazhagan 2007 ). Seismological models developed by Boore (1983 Boore ( , 2003 have been widely used for the generation of synthetic acceleration time histories (Atkinson and Boore 1995; Hwang and Huo 1997) . To carry out site response analyses under moderate earthquake ground motions, a synthetic ground motion generated by Sitharam and Anbazhagan (2007) using a seismological modeling approach has been used in this study. In Fig. 6(a) , synthetic ground motion, applied as input earthquake ground motion for the site response analysis in this study, is shown. The synthetic ground motion generated has a peak acceleration of 0.155g for a moment magnitude of 5.1 and can be considered as representative of a moderate magnitude intraplate earthquake event. A typical interplate earthquake event recorded at Chamoli, Uttarakhand, India has been taken from the Atlas of Indian Strong Motion Records (Shrikhande 2001) . The Chamoli earthquake occurred on March 29, 1999 at north Chamoli in the Lesser Himalayas. This event has moment magnitude of 6.6 and peak ground acceleration of 0.19g recorded at rock level. In Fig. 6(b) , the acceleration time history of the Chamoli earthquake is shown. In Fig. 6(c) , the response spectrum of time history considered in this study is shown.
Site Response Analysis
Using the program SHAKE, SPT-N values are converted to shear modulus using simple equations without considering the differences in hammer energy applied in obtaining SPT-N values. Recently Anbazhagan et al. (2012) reviewed the limitations of existing shear modulus versus SPT-N value correlations. Considering the limitation of using SPT-N values in the site response analysis, soil sites with only SPT-N values are not considered for site response analysis in this paper. Typical shear wave velocity profiles reflecting a shallow engineering bedrock are selected from the data set for site response analyses. Site response analyses are first carried out based on hypothetical shear wave velocity profiles representing soft to dense soil having the same thickness above rock layers. These are representative of filled materials above rock (i.e., filling of lakes). Analyses have then been carried out based on measured SWV profiles for loose to dense soils having different engineering-rock depths. It is noted that accelerograms were applied as rock outcrop motion in the site response analyses using SHAKE, and the rock half-space has been considered to be at the top of the bedrock layers considered.
Hypothetical shear wave velocity profiles are referred to here as HSWVPs. In Fig. 7 , HSWVPs for loose, medium-dense, dense, and very dense soils, together with engineering-rock layers above hard rock (the description of the sites herein is based on the average SWV up to engineering-rock levels), are shown. These repetitive materials have the thickness of 4 m and are placed above hard rock that has a shear wave velocity of 1385 m/s. Summary of the hypothetical soil sites are given in Table 4 classified as Site Class A (hard rock). These sites are also classified as similar site classes according to Standards Australia (2007) classification (Table 1) Site response analyses have been carried out using recorded and synthetic earthquake records (discussed earlier) for three bedrock rigidity conditions in the software SHAKE2000 (Ordonez 2011) . This is to investigate whether higher bedrock rigidity can cause significant differences in site response spectra or response spectral Fig. 8 . Amplification ratio of a soil profile applying input earthquake ground motion time history at different rock layers Fig. 9 . Response spectra at the surface of a soil site for input ground motion time history at different rock layers Fig. 10 . (a) Response spectra at soil surface for hypothetical soil columns having same soil thickness but different soil stiffness when synthetic ground motion acceleration time history is applied as input motion at engineering-rock level; (b) response spectral amplification at soil surface for hypothetical soil columns having same soil thickness but different soil stiffness when synthetic ground motion acceleration time history is applied as input motion at engineering-rock level amplification factors. Input motions are applied at depths where the shear wave velocities of rock materials are 1385 m/s (just below engineering bedrock), 1516 m/s, and 1868 m/s for a profile HSWVP1. Input below this layer, i.e., above SWV of greater than 2000 m/s, has not been permitted by SHAKE2000 (Ordonez 2011) , which may be the result of a limitation on stress stain behavior of inbuilt materials. It can be observed from Figs. 8 and 9 that application of input ground motion at different depths within the rock layers does not cause significant differences in amplification ratios or spectral ordinates. Typical amplification ratio versus frequency for input at different rock levels is shown in Fig. 8 . In Fig. 9 , response spectra of soil sites for input motion at different rock levels possessing different SWVs is shown. Hence, it can be concluded, based on the analyses carried out herein, that site response analyses can be carried out with sufficient accuracy by applying input seismic ground motion at or below the engineering-rock level.
Response spectra from the software SHAKE 2000 (Ordonez 2011) for different soil stiffness (HSWVPs 1-5) having the same thickness up to engineering-rock level are shown in Fig. 10(a) . In Fig. 10(b) , the spectral amplifications are given. Synthetic ground motion corresponding to a moderate earthquake is applied as the input ground motion at engineering-rock level. It can be observed that response spectral ordinates for a medium-dense soil column (HSWVP2) are higher than other soil columns up to period of 0.10 s. However, for a loose soil column (HSWVP1), spectral ordinates are higher for periods from 0.25 to 4.0 s. Spectral values are the same, irrespective of soil column stiffness beyond the period of 4 s. For dense to very dense soil columns (HSWVPs 3-5), spectral values are slightly higher than the response spectrum of input ground motion at rock up to a period of 0.25 s, beyond which soil spectral values are almost similar to values at rock level, as expected for stiffer sites. In Figs. 11(a and b) , response spectral acceleration response spectra and response spectral amplifications of HSWVPs are shown for recorded ground motion of the Chamoli earthquake. It can be observed that spectral acceleration and spectral amplification for SWVP1 are higher than those of other soil columns for periods up to 4.0 s. Moreover, spectral amplification is higher than 1.0 s for SWVP2 for periods up to 1.0 s (Figs. 11a, b) . These sites have been classified as Site Class B (rock) and Site Class A (hard rock) according to the IBC (ICC 2006) and NEHRP (BSSC 2001) (Table 4) , as mentioned earlier. It is important to note that for Site Class B, the IBC (ICC 2006) specifies site coefficients (both for short and long periods) as 1, which means no site amplification factor needs to be adopted. The observation from Figs. 10 and 11 clearly indicates that a site amplification factor must be applied to the response spectrum of input ground motion to achieve realistic response spectra at soil sites. Hence, adopting the site classification scheme according to the IBC (ICC 2006) and NEHRP (BSSC 2001) would underestimate the site response spectrum.
For the next phase of the analyses, the measured shear wave velocity profiles of three soil columns having different depths up to engineering rock are selected, as shown in Fig. 12 the average SWV of top 30-m soil layers, the site is classified as Site Class B soil. However, based on average SWV up to engineering bedrock, the site is classified as Site Class C soil. The apparent differences in site class for SWVP2 and SWVP3 are from inclusion of rock layers into the top 30-m soil layers, which increased the average SWV up to depths of soil columns considered. More details of the soil columns have been reported in Table 5 .
Response spectra and amplification ratios for SWVPs1-3 under simulated earthquake ground motion and recorded earthquake ground motion at Chamoli have been shown in Figs. 13-18. It can be observed from Fig. 13 that peak response spectral acceleration [ Fig. 13(a) ] and amplification ratio [ Fig. 13(b) ] for SWVP1 under simulated earthquake ground motion are the same when the input earthquake ground motion acceleration is applied at 30-m depth and at rock level. It is noted that both V s,30 and V s,ER approaches represent the soil as Site Class D. It is interesting to note that the frequencies at peak amplification are also the same. The same observation has also been obtained when site response analysis is carried out for recorded earthquake ground motion at Chamoli [Figs. 16(a and b) ]. The spectral acceleration and amplification ratio for SWVP2 under simulated earthquake records has been shown in Figs. 14(a and b) . Significant differences between peak spectral acceleration [ Fig. 14(a) ] and peak amplification ratio [ Fig. 14(b) ] have been observed when input earthquake ground motion is applied at 30-m depth and at engineering-rock levels. Peak response spectral acceleration is higher when input ground motion is applied at 30 m; however, the peak amplification ratio is greater when input earthquake ground motion is applied at engineering-rock level. It is also noted that frequencies corresponding to peak amplifications are different. According to the IBC (ICC 2006) and NEHRP (BSSC 2001) recommendations, this soil profile is classified as a Site Class C site. It is noted that average response spectral amplification for this soil profile has been observed to be higher than the site coefficient proposed in the IBC (ICC 2006) . Based on average SWV up to engineering rock, the soil profile is classified as Site Class D, which seems reasonable based on the response spectral acceleration and amplification ratio [Figs. 14(a and b)] obtained from site response analyses. The response spectral acceleration and amplification ratio under recorded earthquake ground motion also shows marked difference between the two approaches. It can be observed from Figs. 17(a and b) that for recorded earthquake ground motion, peak response spectral acceleration is higher when input ground motion is applied at engineering rock and peak amplification ratio is slightly greater when input earthquake ground motion is applied at engineering 30-m depth. However, the peak amplification ratios for both simulated earthquake ground motion and recorded earthquake ground motion are similar. Although the response spectral accelerations for SWVP3 under simulated earthquake records are the same when input earthquake ground motion is applied at 30-m depth of soil layers and at engineering rock, the amplification factors are different [ Figs. 15(a and b) ]. It is noted that the site is classified as Site Class B, based on the recommendation of the IBC (ICC 2006) and NEHRP (BSSC 2001) . Hence, no site factor is recommended in the IBC (ICC 2006) and NEHRP (BSSC 2001 ) to obtain soil response spectra from response spectra at bedrock. It is apparent that significant amplification occurs in the period range of engineering interests [ Figs. 15(a and b) ]. Similar observations have also been obtained from the site response analysis under recorded earthquake ground motion at Chamoli [Figs. 18(a and b) ] except that response spectral acceleration is even higher when earthquake ground motion is applied at 30-m depth. Based on average shear wave velocity up to engineering rock, the site is classified as Site Class C. By closer observation of the response spectra and amplification factor, this appears to be a reasonable estimate.
From the foregoing explanation, it appears appropriate to define site classes based on the depth of engineering bedrock and hence the depth of soil columns among other parameters. However, this does not constitute any criticism to the current specifications of site response spectrum or site factors in the IBC (ICC 2006) and NEHRP (BSSC 2001) , which have been developed based on regression analyses of a large number of recorded ground motions at both bedrock level and soil surface. These observations simply point out that adopting a site classification scheme based on the IBC (ICC 2006) and NEHRP (BSSC 2001) may not provide the correct conservative response spectra, especially for shallow soil sites where a distinct soil-bedrock interface can be found within 30 m. It has been noted that the IBC (ICC 2006) and NEHRP (BSSC 2001) allow for site-specific site response studies if the generalized site classification and site amplification coefficients are judged to be inadequate for a specific site. a distinct soil-bedrock interface can be found even several meters below the soil surface.
Conclusions
It has been observed, based on the studies of a large number of soil columns in Australia, China, and India, that when engineering rock (SWV . 700 6 60 m/s) depths are shallow, the site classification approaches adopted in the design codes represent stiffer soil columns.
Site response analyses carried out in this study indicate that site amplification factors (short and long period) suggested in the IBC (ICC 2006) and NEHRP (BSSC 2001) may underestimate response spectral ordinates. It is noted that such observation does not constitute any criticism to the current specifications of site response spectrum in the IBC (ICC 2006) and NEHRP (BSSC 2001); these simply point out that adopting a site classification scheme based on the IBC (ICC 2006) and NEHRP (BSSC 2001) may not provide sufficiently conservative response spectra for soil sites at shallow bedrock regions, where a distinct soil-bedrock interface can be found within 30 m.
A new site classification scheme based on the depth of engineering rock has been proposed in this paper. Using one-dimensional site response analyses, a site classification system based on engineeringrock depth was shown to be more representative of the soil columns in shallow bedrock regions. It is noted that a large number of analyses are warranted to propose site factors for site classes based on engineering-rock depth. 
